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cavities of the native HQ structure is called “solubilization in
the α phase”.
γ HQ is a metastable form prepared by sublimation (or rapid
evaporation) of an HQ solution in ether.3 The monoclinic
lattice parameters of γ HQ, belonging to the space group P21/c,
are a = 8.07 Å, b = 5.20 Å, c = 13.20 Å, and β = 107°. A unit cell
is composed of 4 molecules of HQ and has a density of 1.380
g/cm3. This form is not known to be an inclusion compound.7,8
δ HQ was observed only recently. This form has a slightly
greater density than α HQapproximately 1.37−1.40 g/
cm3and was initially detected by exposing α HQ to high
temperatures and pressures (greater than 440 K and 40 MPa).9
Moreover, this “high pressure form” was also observed at
ambient temperature by applying a mechanical pressure of
about 5 GPa to N2 and CH4 HQ clathrates.
10,11 This structure
corresponds to an amorphization of the host lattice induced by
the release of the guest and is not an inclusion compound.
β HQ, the most versatile of all of the HQ structures, is the
clathrate form which develops in the presence of guest
molecules under well deﬁned conditions of temperature and
pressure.3,12 Although the stability of clathrates generally
depends on the presence of guest molecules inside the
structure, a metastable guest free β HQ (i.e., a clathrate
structure without any guest molecules inside) has been
observed,13−16 while the synthesis of such an empty clathrate
is rather diﬃcult.16 The stoichiometry of the β HQ clathrate
form is 3:1 (i.e., 3 molecules of HQ per guest molecule). Its
chemical formula is 3C6H4(OH)2·xG, where G is the guest
molecule in the clathrate structure and x is the clathrate
occupancy (i.e., the proportion of cavities ﬁlled by guest
molecules, ranging from 0 for guest free clathrates to 1 for full
clathrates).3,17−19 This stoichiometric relationship has been
used to determine that the maximum storage capacity of HQ
clathrates is 3.03 molGuest/kgHQ. The highest clathrate
occupancy observed so far is approximately 0.74 for the CO2
HQ clathrates formed by crystallization from a solvent.20−23
For CH4 HQ, full occupancy has already been achieved (i.e.,
the clathrate occupancy is equal to 1).23
The HQ clathrates have an aerated structure generated by a
hydrogen bonded organic framework. In β HQ, each HQ
molecule contributes to the formation of two adjacent cavities
owing to the two hydroxyl functions. The cavity results from
the association of two groups of three HQ molecules.24,25 The
top and bottom of the clathrate cavity are formed by planar
hexagonal rings [OH]6 resulting from hydrogen bonding
between the hydroxyl functions of six HQ molecules.3 It was
established there were three crystallographic types of β HQ:
type I, II, or III depending on the nature, size, and shape of the
encaged guest molecules.3,24−26 β HQ clathrates of types I, II,
and III belong to space groups R3, R3, and P3, respectively.3,27
CO2 HQ and CH4 HQ clathrates are type I β HQ clath
rates.4,22,28 The rhombohedral lattice parameters for CH4 HQ
clathrates with an occupancy of 0.69 are a = 16.44 Å and c =
5.65 Å,4,28 and those for CO2 HQ clathrates with an occupancy
of 0.74 are a = 16.33 Å and c = 5.68 Å.13,28
HQ clathrates can be synthesized in the liquid phase by
recrystallization of dissolved HQ into guest molecules (such as
CH3CN and CH3OH).
25,26 It is also possible to dissolve HQ in
an appropriate solvent (such as n propanol, ethanol, or butyl
acetate) and put this solution in contact with the guest. In this
case, the solvent is not retained as a guest molecule because it is
incompatible with the HQ clathrate cages. When the guest
molecule is a gaseous species, the clathrates are prepared by
pressurizing or bubbling the gas in a saturated HQ
solution.21,22,24 Other investigations have shown it is possible
to form HQ clathrates in the solid phase by pressurizing
powdered α HQ using guest molecules.4,10,29,30 Using this
method of synthesis it has been shown that HQ clathrates can
represent an alternative for storing and transporting gases such
as H2,
15,31 CH4,
10 and CO2.
13 Moreover, the HQ clathrates
formed in this way have recently been studied and evaluated as
reactive media for separating binary gas mixtures such as CO2/
N2,
32,33 CO2/CH4,
13 CO2/H2,
13,34 C2H6/C2H4,
35 and C2H4/
CH4.
36 Furthermore, the synthesis of clathrates by direct gas−
solid reaction presents undeniable practical advantages,
principally related to the absence of solvent: (i) there is no
limitation on the quantity of HQ that can be used in the
process unlike in the liquid phase synthesis method (where the
solubility of the HQ in the solvent has to be considered); (ii)
the synthesis can be carried out over a wide range of pressures
and temperatures, which avoids the phase transitions (e.g.,
vaporization, crystallization) that occur when solvent is used;
(iii) there are no restrictions as regards the diﬀusion of species
through the solvent phase; (iv) in an industrial process (e.g., a
gas separation unit), it is much easier to use a gas−solid reactor
than a three phase one, where the issues of gas dispersion in the
liquid phase and the handling of crystal slurry have to be
considered inside the contactor. One of the main limitations of
gas−solid synthesis should however be pointed out: the
reaction kinetics. The solid−solid transition (i.e., from α to
β HQ) is generally slower than crystallization from a solution.
To this eﬀect, we recently proposed innovative HQ based
composite materials in which the formation of HQ clathrates
can be strongly accelerated.37 We are aware though that
additional eﬀorts are required to overcome these kinetic
limitations so that these materials can be deployed on a large
scale for industrial applications. Consequently, although the
direct gas−solid enclathration reaction between HQ and gas
appears to be a very promising solution for the storage,
transportation, and selective capture of gases, the properties of
HQ clathrates synthesized using this method need to be better
understood.
For this study, CO2, CH4, and a CO2/CH4 mixture were
chosen as the gases to react with the HQ. Indeed, the
development of innovative and eﬃcient processes for
separating CO2 from CO2/CH4 mixtures is of interest to the
oil and gas, energy, and environmental sectors.38 HQ clathrates
were obtained by direct gas−solid reaction using HQ with pure
CO2, pure CH4, and an equimolar CO2/CH4 mixture at
ambient temperature and a pressure of 3.0 MPa. For example,
these clathrate formation conditions could be a potential
operating point for a natural gas sweetening unit (i.e., removal
of CO2 and H2S). Although the spectroscopic signatures of
various HQ clathrates have already been published in the
literature, data sets based on samples obtained in identical
synthesis conditions have not yet been presented in a cross
complementary approach combining Raman, infrared (IR), and
nuclear magnetic resonance (NMR) techniques. In addition,
the surface and internal morphologies of clathrates resulting
from a gas−solid reaction have not been suﬃciently
characterized to date, and the data on their gas storage
capacities and thermal properties are very scarce or nonexistent
in the literature. The purpose of this study is therefore to
provide an extended set of characteristics concerning HQ
clathrates obtained by gas−solid reaction. The clathrates were
characterized using a wide range of experimental methods:
three spectroscopic techniquesRaman and Fourier transform
IR (vibrational) and 13C NMRwere used to obtain cross
sectional data giving the key elements to easily identify the
diﬀerent structures and evaluate the reaction conversion from
α to β HQ after the synthesis. Optical microscopy and
scanning electron microscopy (SEM) analyses were performed
to investigate the surface of the clathrates. For the ﬁrst time
transmission electron microscopy (TEM) analyses and X ray
tomography were used to inspect the internal structure of the
crystals. In addition, thermogravimetric measurements (TGA)
coupled to mass spectrometry and in situ Raman spectroscopy
were employed to identify the characteristic temperatures of the
clathrates, such as the guest release temperatures and the
structural transition temperatures from β HQ to α HQ. Finally,
the gas storage capacity of the clathrates was quantiﬁed by
means of gravimetric analyses and for the ﬁrst time was studied
for periods of more than 1 month.
■ EXPERIMENTAL SECTION
Materials. HQ (purity of 99.5 mol %) is provided by Acros
Organics. In the experiments the native HQ (millimeter sized)
is pure and unprocessed (e.g., not ground). The CO2, CH4, and
CO2/CH4 mixture (minimum mole fraction purity of 99.995%)
were purchased from Linde Gas SA. The CO2 mole fraction of
the CO2/CH4 mixture is 50.1 ± 1.0% (analytical value given by
the supplier).
Apparatus and Procedures. Synthesis of the HQ
Clathrates. The HQ clathrate samples were prepared using
high pressure tank reactors, made of 316 stainless steel,
connected to a pressurized gas storage tank and a vacuum
pump that produces a primary vacuum of 0.0001 MPa
throughout the system. The pressure during the experiment
is controlled by a digital manometer (model LeoII from Keller
with an uncertainty of ±0.01 MPa) located on top of the
reactor. The masses of HQ introduced into the reactor are
measured by means of an analytical balance (from Kern PLT)
with an uncertainty of ±0.001 g. First, about 3.0 g of HQ was
loaded into glass vessels plugged with cotton to avoid particle
loss during the pressurization and depressurization steps. The
vessels are then placed in the reactor. The air in the system is
evacuated under vacuum and the reactors pressurized at 3.0
MPa with pure CO2, CH4, or CO2/CH4 for 1 month at
ambient temperature. The pressure is kept constant throughout
the experiment by continuously adding feed gas. Finally, the
HQ clathrate samples are collected by depressurizing the
system from 3.0 MPa to atmospheric pressure in a few minutes.
Analytical Methods for Characterizing HQ Clathrates. The
clathrate samples are analyzed immediately after depressuriza
tion of the reactor by spectroscopy (Raman, infrared, 13C
NMR), microscopy (optical, SEM, TEM), gas porosimetry, X
ray tomography, and thermogravimetry. The characterization
apparatuses and methods are described in the Supporting
Information.
■ RESULTS AND DISCUSSION
Spectroscopic Identiﬁcation. First, native α HQ and
CO2 HQ, CO2/CH4 HQ, and CH4 HQ clathrate samples
obtained after 1 month’s reaction at 3.0 MPa and ambient
temperature have been analyzed by Raman and IR spectrom
etry (see Figures S1 and S2, Supporting Information). The
spectroscopic data of theses clathrate crystals were found in
very good agreement with literature data.22,39−41 For the three
clathrates, the Raman bands corresponding to the HQ
molecules are found at the same Raman shifts. In addition,
the presence of CO2 and CH4 guest molecules is conﬁrmed by
speciﬁc Raman and IR bands, as also reported in the
literature.22,28,39,41,43,44 Interestingly, it is worth noting that
the Raman and IR signatures of gas clathrates obtained in this
work by direct/gas solid reaction and those obtained by
crystallization from solvent22 are similar.
The 13C NMR spectra of the α HQ and CO2 HQ, CO2/
CH4 HQ, and CH4 HQ clathrate samples are shown in Figure
1. Two groups of signals can be observed at around 118 and
148 ppm for the α HQ sample. Integration of these groups of
peaks gives a surface ratio of 4.0:2.3 (consistent with the
theoretical ratio of 4:2 between unsubstituted and substituted
carbons in HQ molecules). The ﬁrst group of peaks at around
118 ppm therefore corresponds to unsubstituted carbon atoms,
while the second one, at about 148 ppm, corresponds to
hydroxyl substituted carbon atoms. The spectra of the clathrate
samples exhibit three distinct peaks representing three
inequivalent carbons. The peak with the highest chemical
shift is attributed to hydroxyl substituted carbon atoms, and the
two others correspond to unsubstituted carbon atoms. The HQ
chemical shifts of the CO2 HQ clathrates are observed at 147.9,
117.5, and 115.0 ppm and those of the CH4 HQ clathrates at
147.8, 117.4, and 115.7 ppm. It is important to mention a
noticeable diﬀerence in the chemical shifts of one of the
unsubstituted carbon peaks (i.e., a diﬀerence of 0.7 ppm) that
can be attributed to the diﬀerent chemical environments of the
Figure 1. 13C NMR spectra: (red) α HQ, (blue) β HQ/CO2, (purple)
β HQ/CO2+CH4, and (green) β HQ/CH4 clathrates. Asterisks (*)
show the signals observed for CO2 and CH4 molecules. Enlargements
show the signals of the CO2 guest molecules in the (a) CO2 HQ and
(b) CO2/CH4 HQ clathrates, and (c) signals of unsubstituted carbons
in the CO2/CH4 HQ clathrates.
carbon atoms or to the HQ lattice distortions caused by the
CO2 molecules.
28 In the case of CO2/CH4 HQ clathrates, the
HQ chemical shifts are observed at 147.9, 117.5, and 115.0
ppm. A shoulder can be seen at 115.7 ppm (see Figure 1c),
which suggests that the carbon atoms from the HQ molecules
have two diﬀerent chemical environments. This double peak
could be the result of heterogeneous host−guest interactions,
speciﬁc to the CO2 or CH4 molecules. Another possibility is
that diﬀerent cavities coexist in these mixed HQ clathrates. By
integrating these peaks, a surface ratio of around 80.5:19.5 is
obtained for those at 115.0 and 115.7 ppm, respectively. The
signal for CH4 guest molecules is observed at −5.6 and −5.7
ppm in the case of CH4 HQ and CO2/CH4 HQ clathrates,
while the signal for CO2 guest molecules is observed at 124.3
and 124.2 ppm in the case of CO2 HQ and CO2/CH4 HQ
clathrates. Interestingly enough, these two clathrates exhibit less
pronounced shoulders, which means that the CO2 molecules
also have diﬀerent chemical environments inside the clathrates.
This might be due to speciﬁc interactions involving the guest
molecules, as already observed and discussed in the literature.22
The shoulder for the CO2 HQ clathrates is detected at 123.6
ppm (see Figure 1a), yielding a surface ratio of 74.1:25.9 for the
peaks at 124.3 and 123.6 ppm, respectively. However, in the
case of the mixed CO2/CH4 HQ clathrates, the spectra exhibit
two shoulders at 124.6 and 123.8 ppm (see Figure 1b) on
either side of the main signal at 124.2 ppm. Integration of the
peaks gives a surface ratio of 8.2:62.8:29.0 for the peaks at
124.6, 124.2, and 123.8 ppm, respectively. These three signals
for CO2 molecules suggest three possible environments
resulting in the following interactions: (i) CO2−CO2, (ii)
CO2 empty cages, and (iii) CO2−CH4. It is worth noting that
only one environment is detected for CH4 molecules in the
CH4 HQ and CO2/CH4 HQ clathrates. This could mean that
the interactions involving CH4 molecules might be below the
detectability limit of our NMR spectrometer. By integrating the
peaks of the CO2 and CH4 guest molecules, an average ratio of
1.6 ± 0.2 molCO2:molCH4 was estimated for the CO2/CH4
mixture retained in the clathrate, indicating a slight trend for
preferential capture of CO2 molecules in the initial equimolar
CO2/CH4 mixture.
Finally, after 1 month of gas−solid reaction, all spectroscopic
analyses performed conﬁrmed that all samples had been totally
converted from α HQ to gas clathrates.
Crystal Morphology and Topography. Surface observa
tions were performed by optical microscopy and SEM. Figure 2
shows optical microscopy images of α HQ and CO2 HQ, CO2/
CH4 HQ, and CH4 HQ clathrate samples which present visual
evidence that changes occur after the enclathration reaction. α
HQ has a shiny surface, whereas the clathrates appear dull and
whitish to the naked eye.
SEM images of the samples are shown in Figure 3. The
native α HQ crystal (Figure 3a and 3b) has a ﬂat, smooth
surface, while all HQ clathrates (Figure 3c−h) have a rough
aspect. Diﬀerences in texture can also be seen between the
CO2 HQ and the CH4 HQ clathrates (Figure 3c and 3d and 3e
and 3f): the surface of the CH4 HQ clathrates exhibits
diﬀerent sized nodules, while the surface of the CO2 HQ
clathrates presents regular and ordered asperities. The surface
of the CO2/CH4 HQ clathrates combines features of both the
CO2 HQ and the CH4 HQ clathrate surfaces (Figure 3g and
3h). In addition, for both clathrate samples, multiple macro
pores (which look like perforations, as shown in Figure 3f and
3h) from 500 nm to 1 μm were detected.
The inside of the clathrate crystals was examined by TEM
and X ray tomography. Figure 4 shows TEM images of the α
HQ and CO2 HQ, CO2/CH4 HQ, and CH4 HQ clathrate
samples. The structure of the clathrates is macroporous with
large, relatively compact cavities of approximately 80−100 nm.
This result corroborates those of gas porosimetry experiments,
which revealed negligible quantities of gas adsorbed on both
the HQ clathrates and the native HQ, suggesting the absence of
micro and mesoporosity (i.e., pores smaller than 50 nm in
diameter). The latter observation is in agreement with the
literature.13 In addition, the structure of the CO2 HQ clathrates
(Figure 4c and 4d) appears to have suﬀered more damage
during the enclathration process than that of the CO2/CH4
HQ and CH4 HQ clathrates.
For the very ﬁrst time X ray tomography was used on HQ to
obtain more details on its internal structure and the
morphological changes induced by the enclathration reaction.
Six crystals of α HQ were attached to independent metallic
needles in an attempt to image both their native state (α HQ)
and their state after reaction with CO2 (β HQ) as described
earlier, namely, exposure for 1 month at ambient temperature
and a pressure of 3 MPa. We were able to fully analyze two out
of six crystals (i.e., perform initial scanning, pressurization,
reaction, depressurization, ﬁnal scanning, as well as all
intermediate handling). Their initial morphologies were
diﬀerent, yet all reaction induced phenomena were quantita
tively comparable, suggesting that the phenomena observed are
representative. For clarity, only the results of one sample are
discussed in detail.
Figure 5 presents a qualitative comparison of the crystal
characteristics observed before and after the reaction. Diﬀer
ences in surface texture before (Figure 5a) and after (Figure
5d) enclathration can be observed. The α HQ surface is ﬂat and
has a number of longitudinal striations before the reaction (in
green), while it is very rough afterwards. This alteration of the
surface texture can also be seen on a zoomed in image of a
longitudinal cross section through the crystal (see Figure 5c
and 5f). The roughening of the crystal surface after the reaction
is consistent with the SEM observations (see Figure 3). On the
basis of the X ray data it is also possible to analyze the inside of
the crystal. A small number of large voids ranging from 1 μm to
a few tens of micrometers in size can be seen in the crystal
(Figure 5b and 5e) that appears otherwise to be totally
homogeneous. The sizeand to some extent the shapeof
Figure 2. Optical microscopy images of (a) α HQ and (b) CO2 HQ,
(c) CO2/CH4 HQ, and (d) CH4 HQ clathrates.
these voids appears to be altered when the surrounding crystal
lattice transforms from α into β HQ.
A quantitative analysis of key morphological parameters
derived from the X ray data is presented in Figure 6. These
parameters are plotted as a function of the longitudinal position
in the crystal for both the α HQ and the CO2 HQ clathrates.
The uncertainty bands conservatively account for the major
errors in the image analysis process.
First, the volume of the crystal matrix (Figure 6a) and the
visible pores (Figure 6b) were analyzed. As can be observed,
the volumes of both the matrix and the pores change after the
enclathration reaction. The crystal cross sections reveal a loss in
matrix volume along the outer crystal surface and an increase in
matrix volume around the large pores, inducing a reduction in
pore volume. This would suggest a crystal which expands
uniformly due to the transformation from α HQ to β HQ and
whose outer surface is subsequently eroded. This hypothesis
also explains why the reduction in pore volume is fairly uniform
along the entire length of the investigated portion of the crystal,
while the change in matrix volume is not at all uniform and is
prone to uncertainty. Indeed, as the latter is the result of two
opposing processes (expansion and erosion), its net result
depends on the competition between both processes.
Next, the visible porosity (i.e., the visible pore volume
divided by the matrix volume) was analyzed (Figure 6c and 6d).
Note that gas porosimetry (see above) demonstrated the
absence of micro and mesopores, implying that the visible
porosity should be close to the actual porosity. The visible
porosity exhibits a fairly constant reduction over the entire
length of the crystal. This reduction amounts to 0.5% or one
half of the visible pore volume and is related to the expansion of
the HQ lattice when α HQ transforms into β HQ.1
X ray tomography results also revealed the presence of
fractures inside one of the CO2 HQ clathrates being analyzed.
These fractures were not present in the native clathrates. Figure
7 shows a typical fracture. Although it is not possible to
elucidate the origin of the fracturing process based on these
observations, they are however consistent with a fracture
formed during the depressurization step. As the crystal
transforms from α HQ to β HQ it expands and internal
stresses develop. When the reactor is depressurized (from 3
MPa to ambient pressure), the pressure reduction is not
uniform: the pressure on the outer crystal surface equilibrates
Figure 3. SEM images. (a, b) α HQ, (c, d) CO2 HQ, (e, f) CH4 HQ, and (g, h) CO2/CH4 HQ clathrates. Arrows indicate macropores.
Figure 4. TEM images of (a, b) α HQ, (c, d) CO2 HQ, (e, f) CO2/CH4 HQ, and (g, h) CH4 HQ clathrates.
Figure 5. X ray tomography images of a single α HQ crystal (top) and of the same crystal after enclathration with CO2 (bottom): (a, d) 3D view in
false color of the top of the crystal, (b, e) longitudinal cross section, and (c, f) zoom on a region of interest of b and e.
almost instantaneously, while the pressure reduction rate inside
the pores is limited by the connectivity of the pores to the
reactor volume. If the temporary overpressure that exists inside
poorly connected pores and the internal stresses induced by the
lattice transformation locally exceed the crystal’s resistance, a
fracture is initiated. If this hypothesis holds true, the “fragility”
of clathrates that has often been observed could be overcome
by modifying the pressure release rates. Further research should
either support or falsify this hypothesis.
Physical Properties, Gas Storage Capacity, and Kinetic
Stability. This section investigates some physical properties
such as the gas release and structural transition temperatures
(from β HQ to α HQ) as well as the gas storage capacities of
the clathrates obtained by gas−solid reaction and their
Figure 6. Key morphological parameters of α HQ and CO2 HQ clathrates as a function of the vertical position in the crystal: volume of (a) matrix
and (b) pores, (c) porosity, and (d) diﬀerence in porosity induced by the reaction. Shaded bands correspond to the estimated uncertainty on the
parameters obtained. (e−g) Cross section through the crystal at three diﬀerent heights illustrating the spatial location of the reaction induced volume
changes.
Figure 7. X ray tomography cross sections (2D images) of the second crystal analyzed (a, b) before and (c, d) after enclathration. (b and d) 3D pore
volume (in blue) and 3D fracture (in yellow).
metastability (i.e., the capacity of the clathrate structure to exist
outside of its thermodynamic stability domain).
In situ Raman spectroscopy experiments were performed at
atmospheric pressure. Figure 8 shows an example of the
structural tracking of the CO2 HQ clathrates by Raman
spectroscopy as a function of temperature.
For both clathrates we can see a slight decrease in the guest
band intensities for temperatures of up to about 360 K. The
band intensities of the guests then signiﬁcantly decrease from
360 K to the structural transition temperature when the
structure reverses from β HQ to α HQ, and no more gas is
retained in the structure. The structural transition for CO2 HQ,
CO2/CH4 HQ, and CH4 HQ clathrates can be observed at 381
± 5, 383 ± 6, and 378 ± 5 K, respectively. Although the
magnitude of the temperature uncertainties varies signiﬁcantly,
our experimental β → α transition temperatures were found to
be in good agreement with values reported by Park et al.42
Similar experiments performed under primary vacuum revealed
that the structural transition temperatures are little aﬀected by
gas pressure. Indeed, for CO2 HQ, CO2/CH4 HQ, and CH4
HQ clathrates, the transitions occurred at 379 ± 5, 381 ± 6,
and 378 ± 6 K, respectively. Up to a temperature of 393 K and
a pressure of 1.0 MPa, neither structural transition nor
signiﬁcant gas releases induced by the corresponding guest
molecules were detected, demonstrating for the ﬁrst time that
these clathrates are apparently stable under these conditions of
pressure and temperature.
In the speciﬁc case of CO2 HQ clathrates, a stunning and
undocumented phenomenon was observed under speciﬁc
temperature conditions. Indeed, when CO2 HQ clathrates
collected for a few minutes to up to 48 h after opening of the
reactorare exposed to a temperature increase, they start
“hopping” when the temperature exceeds about 350−363 K.
This phenomenon is followed by rapid fragmentation and
scattering of shards of crystal. For example, if the crystal is
placed on a Koﬂer bench and moved slowly from the low to
the high temperature zone, the crystal can be seen “jumping”
over several tens of centimeters. Additionally, if the crystals are
placed in a Raman cell and heated, they “hit” the sapphire
windows located 10 mm above. Finally, in an attempt to
monitor the evolution of clathrate crystal morphology after
dissociation, we placed the crystals (those mounted on needles
which were imaged by tomography after reaction) in a stove at
70 °C for 8 h immediately after X ray analysis; none of the
crystals survived this step as they all were reduced to fragments
scattered inside the stove. In light of the many observations we
made we called this phenomenon “the popcorn eﬀect” as the
“hopping” of these crystals when they are heated is similar to
the popping of a grain of corn when heated. We noticed that
this eﬀect occurred at atmospheric pressure but also under
primary vacuum. Interestingly enough, it was not observed for
the CO2/CH4 HQ and CH4 HQ clathrates. The origin of this
phenomenon appears to be related to the speciﬁc enclathration
of CO2 as a guest molecule. As suggested in the literature,
thermal stability is greatly aﬀected in the case of HQ clathrates
with distorted cavities (such as CO2 HQ clathrates).
20 In this
case, it appears that the signiﬁcant degree of movement of the
CO2 molecules within the distorted clathrate cavities increases
with temperature and could potentially damage the HQ host
lattice. Investigations are in progress in our laboratory to gain
greater understanding of the phenomenon.
The release of the gas molecules from the clathrate structure
and the enclathration capacity were studied by TGA coupled
with mass spectrometry. The TGA proﬁles obtained with the
three clathrates (i.e., the evolution of the sample mass versus
temperature) are shown in Figure 9. The nature of the gas
released during the clathrate dissociation was conﬁrmed by
mass spectrometry analysis, where the fragment ions of CO2
(44, 28, 16, and 12) and CH4 (16, 15, 14, 13, and 12) were
detected. The thermograms clearly show two characteristic
mass losses corresponding to ﬁrst (i) the guest release and then
(ii) the HQ sublimation/vaporization. Accordingly, the
Figure 8. Structural tracking of the CO2 HQ clathrates by Raman spectroscopy as a function of temperature.
Figure 9. TGA curves of (purple) CO2/CH4 HQ, (green) CH4 HQ,
and (red) CO2 HQ clathrates.
calculation of the clathrate occupancy was performed without
any correction concerning the volatility of HQ.
On the basis of the TGA curves we can see that the gas
molecules enclosed in CO2 HQ, CO2/CH4 HQ, and CH4 HQ
clathrates start being released from about 363 ± 2, 383 ± 2, and
390 ± 2 K, respectively. The data obtained are in good
agreement with the average dissociation temperatures of 376.5
and 402.6 K reported by McAdie for CO2 HQ and CH4 HQ
clathrates, respectively.20 The gas release temperature for the
mixed CO2/CH4 HQ clathrates is between the ones for CH4
HQ and CO2 HQ clathrates, which shows that the guest
molecules logically depend upon the release temperature. This
diﬀerence in gas release temperatures for the CO2 HQ, CO2/
CH4 HQ, and CH4 HQ clathrates conﬁrms (i) the greater
thermal stability of CH4 HQ clathrates and (ii) the role played
by CH4 molecules in the thermal stabilization of the mixed
CO2/CH4 HQ clathrates, as already pointed out in the
literature.42
In the case of CO2/CH4 HQ and CH4 HQ clathrates, the
start of release temperatures were, respectively, equal to and
higher than their measured structural transition temperatures
(i.e., 383 ± 6 K for CO2/CH4 HQ and 378 ± 5 K for CH4 HQ
clathrates) above which no more gas is theoretically retained in
the structure. Indeed, by applying a heating rate of 5 K/min
during the TGA, the HQ clathrates dissociate at a higher
temperature than at the rate of 1 K/min set for the in situ
Raman experiments. The dependency of the start of release
temperatures on the heating rate shows that the system does
not have enough time to reach equilibrium at high heating
rates. Furthermore, the clathrate samples were analyzed beyond
their stability range, and it came as no surprise that the heating
rate aﬀects the clathrate dissociation kinetics. Finally, it is
important to note that both the structural transition temper
ature and the release temperature do not characterize
thermodynamic transitions but point at which phenomena are
kinetically noticeable.20
Using two independent techniques (TGA measurements and
mass balance), the gas storage capacities of the HQ clathrates
were calculated, and the results obtained are listed in Table S1.
The clathrate occupancies calculated from the gas storage
capacities are presented graphically in Figure 10. It is worth
noting that the results obtained from mass balance and TGA
are in excellent agreement, conﬁrming the reliability of the data
obtained.
First, for the same thermodynamic conditions and reaction
time, the gas storage capacity of the CO2 HQ clathrates was
found to be relatively high, corresponding to an averaged
clathrate occupancy of 0.94 ± 0.05 (close to unity). This value
is consistent with literature data obtained from gas−solid
reactions carried out in comparable experimental conditions:
about 0.91−1.0 was found for 7 days’ reaction between
powdered HQ and CO2 at 298 K and 3.0 MPa
33 and 0.95 for
the reaction between powdered HQ and a CO2/H2 mixture in
which the CO2 had a partial fugacity of at least 1.8 MPa at 298
K.34 Note that other authors have found lower clathrate
occupancy values in diﬀerent experimental conditions: 0.74 was
obtained for 30 h of gas−solid reaction at 293−353 K and at a
CO2 pressure of 4.0 MPa
13 and 0.76 after 45 days of reaction at
323 K and 3.0 MPa.37 Furthermore, our occupancy result is also
higher than what is generally found for CO2 HQ clathrates
formed by crystallization from a solvent.20−23 This point is not
surprising as the method for synthesizing gas−solid clathrates is
diﬀerent from the one used for “liquid phase” synthesis.
Consequently, we can assume that it is possible to reach
occupancies very close to unity (such as those found in our
study with x = 0.94 ± 0.05) when the gas−solid reaction is
performed in suitable operating conditions.
Second, in contrast to the very high occupancy value
obtained with pure CO2, it is obvious that the CH4 HQ
clathrates contain much less gas than the others, as their gas
storage capacity was found to be around 4 times lower than that
of the CO2 HQ clathrates for example (see Table S1). Lower
occupancy values for CH4 HQ clathrates were also found at
equilibrium conditions by Coupan et al.45 Interestingly enough,
the gas storage capacity of the CO2/CH4 HQ clathrates (i.e.,
2.26 ± 0.24 mol/kgHQ) was found to be midway between those
of CO2 HQ and CH4 HQ clathrates.
Finally, in order to check the stability of the clathrates
synthesized by gas−solid reaction, CO2 HQ and CO2/CH4
HQ clathrates were exposed to ambient conditions over a long
period (52 and 35 days for the CO2 HQ and CO2/CH4 HQ
clathrates, respectively) and the remaining gas was quantiﬁed
versus time. The evolution of the storage capacity (evaluated by
mass balance) over time is plotted in Figure 11. We did not
perform this investigation for the CH4 HQ clathrates as their
occupancy was already very low after the synthesis.
The storage capacities of the CO2 HQ clathrates decreased
to 2.06 molCO2/kgHQ (x = 0.68). Moreover, two successive
release steps were observed: (i) a “fast” CO2 release phase for
the ﬁrst 5 days followed by (ii) a slow CO2 release phase for the
Figure 10. Clathrate occupancy for CH4 HQ, CO2/CH4 HQ, and
CO2 HQ clathrates obtained after 1 month’s reaction at 3.0 MPa and
at ambient temperature. Results of (red) mass balance and (blue)
TGA, and (yellow) average of mass balance and TGA values.
Figure 11. Gas storage capacities of (red) CO2 HQ and (purple)
CO2/CH4 HQ clathrates exposed to ambient conditions as a function
of time.

Versa 510T used to carry out the tomographic acquisitions
reported in this article.
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Guerton, F.; Moonen, P.; Khoukh, A.; Kessas, S. A.; Hemati, M.
Creating Innovative Composite Materials to Enhance the Kinetics of
CO2 Capture by Hydroquinone Clathrates. Chem. Eng. J. 2017, 325,
35−48.
(38) Kohl, A.; Nielsen, R. Gas Puriﬁcation; Gulf Publishing Co.:
Houston, 1997.
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Characterization apparatuses and methods.  
 
The Raman spectroscopy analyses are performed using a T-64000 Jobin-Yvon spectrometer 
fitted with a Raman notch filter, a grating of 1,800 grooves/mm and a confocal microscope. 
The excitation source is the 514.5-nm line of an argon ion laser. Each analysis is conducted in 
the 3300 – 1100 cm
-1
 region with an acquisition time of 60 seconds.  
A customized Raman cell (from Top Industrie) is used to determine the structural transition 
(from β-HQ to α-HQ) temperature by tracking the spectral signature of the crystals as a 
function of temperature at the rate of 1 K/min, from ambient temperature to 393 K. This cell, 
equipped with a sapphire window of 35 mm in diameter, can be used to run in situ Raman 
spectroscopy experiments at pressures and temperatures of up to 20 MPa and 423 K 
respectively. At least six crystals are analyzed in each experiment to confirm repeatability and 
obtain averaged results. This paper does not give details on the apparatus used.
1
 
Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectroscopy measurements are 
performed using a Nexus Nicolet FT-IR spectrometer, purged with dried air, with a resolution 
of 4 cm
−1
, after signal averaging 200 scans. Prior to sample analysis, the background spectrum 
is collected using pure KBr. The sample to be analyzed is ground and diluted to 10 wt% in 
powdered KBr. All spectra are recorded deducting the background contribution. 
Cross-polarization/magic angle spinning (CP/MAS) solid-state 
13
C NMR experiments, using a 
Bruker Avance 400 spectrometer, are conducted at ambient temperature with a resonance 
frequency of 100.61 MHz and a magic angle spinning rate of 7 kHz. The sample is placed in a 
zirconium rotor of 7 mm. The contact time and pulse delay are 3.8 ms and 5 s respectively. 
Chemical shifts are referenced to tetramethylsilane at 0 ppm, and a glycine carbonyl signal of 
176 ppm serves as an external reference. 
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Clathrate morphology is evaluated by optical microscopy, scanning electron microscopy 
(SEM), transmission electron microscopy (TEM) and X-ray tomography. The TEM and SEM 
analyses were done at 293 K, and under vacuum (pressure close to 10
-5
 Pa). In these 
conditions, we did not observed any problems related to the HQ volatility during the analysis. 
Optical microscopy is performed by means of a camera (Qioptiq) with a zoom system of x16 
which has a coaxial lighting LED system (from Edmund Optics) positioned beneath it. A 
Hirox-SH300 scanning electron microscope with an acceleration voltage of 20 kV is used for 
the SEM analyses. Each sample is placed on double-sided adhesive carbon tape and metalized 
with gold coating. The TEM images are taken with a Philips CM 200 (200 kV) with a LaB6 
source. The samples, dispersed in CH2Cl2 (samples not soluble in this solvent), are dropped 
onto a carbon-coated copper grid and dried before analysis. X-ray tomography is performed 
using a Zeiss Xradia Versa 510T X-ray microscope (XRM). No specific sample preparation is 
required. Data are acquired using a tube voltage of 40 kV at 3 W. An exposure time of 35 s is 
selected. Each 3D dataset is obtained by reconstructing 2,001 independent radiographs. Data 
are analyzed with the help of Avizo 9 (FEI), Fiji 
2
 and Matlab (Mathworks). 
Gas porosimetry experiments are achieved by N2 adsorption–desorption at 77 K using the 
fully-automated Micromeritics TriStar II 3020 system, which makes it possible to obtain the 
textural parameters of micro- or mesoporous materials. The samples are purified at 308 K and 
10 Pa for 24 hours before the measurements are performed.  
Thermogravimetric analyses (TGA), using a SETSYS Evolution 1750 CS TG analyzer, are 
performed under helium flow at 20 cm
3
/min. A heating ramp of 5 K/min from ambient 
temperature to 573 K is applied to the sample in the crucible. The sample mass is tracked as a 
function of time. Gas released during the thermal decomposition is immediately analyzed by a 
coupled mass spectrometer – OmniStar GSD 301 02. 
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By measuring the sample mass before and after the enclathration reaction it is possible to 
evaluate mass balances and deduce the total amount of gas captured by the HQ. These 
measurements are performed using an analytical balance with an uncertainty of ± 0.001 g. 
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Spectroscopic identification.  
 
 
Figure S1. Raman spectra ranging from 1100 to 3300 cm
-1
: (red) α-HQ and (blue) CO2-, 
(purple) CO2/CH4- and (green) CH4-HQ clathrates. The asterisks * show the Raman bands 
observed for CO2 and CH4 molecules. 
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Figure S2. IR spectra: (red) α-HQ and (blue) CO2, (purple) CO2/CH4 and (green) CH4 HQ 
clathrates. The asterisks * show the IR bands observed for CO2 molecules. 
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Gas storage capacity. 
 
Table S1. Gas storage capacities (mol
Guest
/kg
HQ
) of CO2-, CO2/CH4- and CH4-HQ clathrates 
obtained after 1 month’s reaction at 3.0 MPa and at ambient temperature. 
 CH4 CO2/CH4 CO2 
TGA 0.73 ± 0.16 2.17 ± 0.15 2.87 ± 0.14 
Mass balance 0.69 ± 0.34 2.36 ± 0.14 2.85 ± 0.04 
Average 0.71 ± 0.36 2.26 ± 0.24 2.86 ± 0.14 
 
 
